Introduction

W
ith increasing time of life expectation, the economic impact of musculoskeletal diseases may now exceed 2.5% of the Gross National Product in the United States. 1 Among these diseases, problems related to bone loss are one of the major causes of disability. To replace lost bone, surgeons use autografts, considered the ideal grafting material. This approach presents disadvantages such as donor site morbidity and limited supply, which in most of cases is insufficient. 2 Due to these limitations, it is imperative to find new alternatives to autografts. Allografts and xenografts are reasonable substitutes, but they also have serious limitations like the risk of rejection or disease transmission. To overcome these shortcomings, several bone grafting materials have been engineered, including ceramics, metals, synthetic, and natural polymers. In most cases, materials are implanted into surgically created bone defects, and new bone grows on their surfaces and within their matrices. Under these conditions, it is believed that the bone is formed by osteoblasts that migrated from the adjacent original bone and marrow cavities, a mechanism that is referred to as osteoconduction. Although this osteointegration is important and essential, there are situations (e.g., large defects) where the scaffolds, besides providing the template for tissue regeneration, need to be osteoindutive, that is, stimulate the migration of undifferentiated cells and induce their differentiation into active osteoblasts in order to promote de novo bone formation. To improve the osteoinductive properties of grafting materials, they have been combined with growth factors and different cells types with variable results depending on the host regenerative capability. 3, 4 Therefore, osteoinductive approaches are crucial when the bone regenerative ability is diminished or lost. Here we propose a novel approach in bone tissue engineering and the creation of an improved osteoinductive material for bone regeneration.
In the body, cartilaginous tissues can be divided into permanent and transient. While having the same embryonic origin, permanent and transient cartilages follow distinct differentiation pathways, fulfill different functions, and ultimately as their names suggest have different fates. Articular, tracheal, and other cartilage structures are classified as permanent cartilage. The chondrocytes in these structures maintain a relatively stable phenotype and persist for many years. 5 In contrast, most of the embryonic cartilaginous skeleton, the epiphyseal growth plates of long bones, the cartilaginous callus formed at fracture sites, and the tissue created during distraction osteogenesis consist of transient cartilage. 6, 7 This transient cartilage is gradually replaced by bone through a series of maturational changes during the process of endochondral bone formation. Indeed, this is the mechanism responsible for formation of most of our skeleton, and for postnatal growth. Surprisingly, except for few reports, the bone tissue engineering field has focused on generating bone directly from osteoprogenitor cells or osteoblasts. Montufar-Solis et al. 8 prepared aggregates of mouse embryonic limb cells that after implantation in mice induced endochondral bone formation. Indeed, the endochondral pathway for bone formation can be activated using biomaterials carrying mesenchymal stem cells, 9 bone morphogenetic proteins (BMPs), 10 or plasmid DNA encoding for BMPs. 11, 12 To date, only Alsberg et al.
13
deliberately explored the endochondral pathway by implanting in mice, articular chondrocytes mixed with calvarial osteoblasts using an alginate carrier. In vivo, the tissue organized in a manner similar to a growth plate. This effect is not totally surprising if one considers that hypertrophic chondrocytes secrete factors capable of inducing vascularization, osteoblast, and osteoclast activity. [14] [15] [16] [17] The interplay of these different cell types is required for endochondral bone formation. Therefore, in the current work, we created a transient cartilage scaffold as a template for in vivo endochondral ossification. We tested the hypothesis that this transient cartilage, as an osteoinductive scaffold, carries all the signals necessary to induce new bone formation once implanted in vivo, even subcutaneously.
Materials and Methods
In vitro studies
Transient cartilage scaffolds. The chondrocyte=chitosan scaffolds used in this work were characterized extensively (see accompanying article). 18 Briefly, chitosan sponges were prepared from a 2% (w=v) chitosan solution by a freeze= drying process and then cut into small pieces (4Â4Â1 mm 3 ). Cephalic (CP) and caudal (CD) chondrocytes isolated from the upper and lower regions of sternum of 14th-day chicken embryos were allowed to proliferate in 100-mm dishes for 7 days in Dulbecco's modified high-glucose Eagle's medium (DMEM) containing 10% NU Serum and 100 U=mL of penicillin=streptomycin (Fisher Scientific, Fairlawn, NJ), before being seeded into the chitosan sponges and cultured for 20 days at 378C and 5% CO 2 in the same conditions. During the last 10 days, cultures were treated with 100 nM all-trans retinoic acid (RA) in order to induce chondrocyte maturation and matrix deposition. Prior to implantation, at day 20, alkaline phosphatase (AP) activity and protein content were measured following the protocols described by the accompanying article, 18 to confirm maturation.
In vivo studies
Surgical procedures. Adult male athymic NCr-nu=nu mice (Charles River Laboratories, NY) were used as surgical recipients. The animal experiments were conducted according to the guidelines of the Institutional Animal Care and Use Committee (IACUC) of New York University. Briefly, mice were received 1 week before scheduled surgery and fed a regular diet and sterile water, ad libitum. After surgery and for 1 week, trimethropim and sulfamethoxazole (20 and 100 mg=L, respectively) were added to sterile drinking water. Surgeries were performed under strict aseptic and warm conditions, with general anesthesia produced by intraperitoneal injection of ketamine (80 mg=kg) and xylazine (10 mg=kg). Lateral longitudinal skin incisions were made in both sides of the mice dorsum, and a subcutaneous pocket (1 to 1.5 cm) was created for implantation of the chondrocyte=chitosan scaffolds. On the right side, we implanted the scaffolds seeded with CP chondrocytes (experimental implant), whereas the left side received the scaffolds seeded with CD chondrocytes (control). Incisions were closed with surgical staples. Two or three sponges were implanted on each side. Results shown represent three independent experiments, different surgeries, using three independent groups of implants (i.e., sponges hydrated in different periods, primary cells harvested from different chicken embryos, and mice received at different times). In the first experiment, 11 mice received implants; in the second and third experiments, 14 and 22 mice were implanted, respectively. All animals, except three mice that did not recover from anesthesia, survived the surgical procedures.
Euthanasia and sample collection. The mice were sacrificed at 1, 2, 3, 4, and 5 months postoperatively, and implants and surrounding tissues harvested. Briefly, animals were exposed to a gas mixture of 30% of CO 2 and 70% of O 2 for 1 min followed by CO 2 100% during 4 min until no signal of breathing was detected. Tissue=samples were collected and immediately immersed in 10% phosphate buffer formalin for future analysis.
Faxitron and micro computed tomography. All fixed tissues were radiographed in a high-resolution X-ray machine (Faxitron Series 43805N; Hewlett Packard, McMinnville, OR) set at 25 kVp, and 2.5 mA for 15 s, using a KODAK dental film (Kodak, Rochester, NY). Films were developed and scanned on a Gendex GXP dental X-ray processor (Gendex, Lake Zurich, IL) and on a Minolta Dimage Scan Dual II (Konica, New York, NY), respectively. The same samples were scanned by micro computed tomography (microCT, mCT40; Scanco Medical, Basserdorf, Switzerland). Wet fixed tissues were placed in the microCT specimen holder, and sealed to prevent tissues from drying. Scans were performed using high resolution (10 mm nominal resolution) to assess the new mineralized structure formed. Data were collected at 55 kVp and 145 mA, and reconstructed applying the conebeam algorithm supplied by Scanco Medical. For visualization and three-dimensional (3D) evaluation, images were filtered using a constrained 3D Gaussian filter to partially suppress noise in the volumes (s ¼ 1.2 and support ¼ 1), and binarized using a threshold in the range 255 to 1000. The minimum threshold value was calculated comparing the two-dimensional reconstructed images from our scans to images obtained from mCT Evaluation Program V5.0. In addition, we performed CT-based morphometric analyses of bone volume=total volume (BV=TV).
Scanning electronic microscopy. For scanning electronic microscopy (SEM) analysis, fixed samples were dehydrated in 636 OLIVEIRA ET AL.
an ethanol series and critical-point dried. Samples were then cut, glued on steel stubs, coated with carbon, and analyzed on cross-sectional areas using SEM. Images of mineral phases were obtained from backscatter electrons (BSE), and its chemical composition was determined by energy-dispersive X-ray microanalysis (EDAX).
Fourier transform infrared spectroscopy. For Fourier transform infrared spectroscopy (FTIR), samples were reduced to powder and analyzed as KBr pellets using a Nicolet-Magna 550 FTIR Series-II spectrometer (GMI, Ramsey, MN). Analyses were performed in implanted materials as well as in mouse original bone (vertebras) for comparison. Before preparation of pellets, implants were dried in an oven overnight.
Histology evaluation. Implants were collected and fixed in 10% phosphate buffer formalin, demineralized for 15 days, dehydrated in alcohol series, embedded in paraffin, and 5-mm-thick sections cut using a microtome. Sections were mounted on glass slides, stained with hematoxylin and eosin (H&E), and scanned on Scan Scope GL series optical microscope (Aperio, Bristol, UK).
Statistical analysis. All experiments were repeated three to four times, and the mean and standard error of the mean were determined. Significant differences were assessed by ANOVA. A p-value refers to a comparison of a measured parameter in the experimental group with that of the appropriate control; significance was set at p < 0.05.
Results
Overview of experimental procedure Figure 1 shows a schematic of the experimental approach in this study. Images (SEM) of chitosan sponges, a mouse, and an X-ray image of the implanted area 3 months after implantation are displayed. The implant on the right side (CP chondrocytes) reveals the ability of those cells to mineralize, and the similarity between its density and the mouse bone density can be observed. In contrast, the implant on the left side did not mineralize; therefore, no radiopaque area can be observed.
Mineral distribution in the implants
In vivo studies were conducted for 5 months, and mice were collected for analysis every month. Mineralization of experimental implants (scaffolds seeded with CP chondrocytes) was achieved in all scaffolds as confirmed by fine-focus radiographs. As early as 1 month after implantation, an increase in density was observed on the periphery of the experimental implants ( Fig. 2A-CP) , which is attributable to the presence of mineral. From the second to the fifth month postimplantation (Fig. 2B -CP to 2E-CP, respectively), the amount of mineral increased gradually. In Figure 2B and D, implants can be observed in the vicinity of the mouse ribs showing similar radiopacity to the mouse bones. In the fifth month after implantation (Fig. 2E-CP) , radiographs of implants and the mouse skeleton allow comparison between the vertebra and the scaffolds indicating considerable bone=mineral deposition in response to CP chondrocyte signaling. In addition, a thin ''cortical layer'' is observed (Fig. 2E, white arrow) on the periphery of the implants. For all the time points studied, no comparable radiopacity was observed on control implants (images marked with CD); the density of these implants is similar to the soft tissue in the absence of mineralization.
Mineral distribution across the experimental implants was assessed by microCT scans as shown in Figure 3 . MicroCT results confirm that 1 month after implantation, mineralization has occurred only in limited areas at the surface (Fig. 3A) of the experimental implants. Two months after implantation (Fig. 3B) , mineral can be found in almost all areas of the implant with a homogeneous distribution. On the third (Fig. 3C) and fourth (Fig. 3D ) months after implantation, the mineral becomes denser and only few areas remain unmineralized. In the fifth month postimplantation (Fig. 3E) , the mineral density is significantly increased on the surface as well as inside of the implant, as observed in the cross-sectional image (Fig. 3F) . As in the Faxitron images, a layer of mineral can be observed on all the surface of the scaffold, suggesting the formation of a cortical bone-like structure. Deeper into the scaffold, mineral is observed both in cartilage as well as in areas of bone formation (compare with histology images). Mineral quantification using microCT scans (Fig. 3G) confirms a timedependent increase (more than 10-fold) in mineral volume during the implantation period studied. Control implants (CD chondrocytes) were also analyzed by microCT; however, at the threshold used for data processing, only a few speckles of mineral were observed (data not shown).
FIG. 1. Schematic of experimental design.
CP and CD chondrocytes were removed from the sterna of chick embryos and seeded into chitosan sponges. After treatment with RA to induce chondrocyte maturation, chondrocyte= chitosan scaffolds were implanted into subcutaneous pouches on each side of the vertebral column of nude mice. Mice were euthanized (at least five mice each month for 5 months after implantation), and different analyses performed to evaluate bone formation. The whole mouse radiographic image shows mineralization only on CP chondrocyte=chitosan sponges, implanted on the right side of the mouse. No significant increase in radiographic density was observed in CD chondrocyte=chitosan scaffolds implanted in the mouse left flank at that time. Color images available online at www.liebertonline.com/ten.
ENGINEERING ENDOCHONDRAL BONE
Characterization of the composition and structure of the mineral
The BSE results identified a thin layer of mineral on the surface of the experimental implants (Fig. 4C) and show that the mineralization occurred across the implant. On control implants (Fig. 4B) , minimal mineralization has occurred. The quantitative analyses performed using EDAX allowed us to identify Ca and P (Fig. 4D) as the main elements present in the mineralized regions (white areas) of the experimental implants, whereas in control (Fig. 4A ) only C and O elements were detected.
In Figure 5 we compared the FTIR spectra of bone from vertebra of the mouse, with the experimental and control implants. FTIR spectrum of material collected from vertebra revealed the characteristic peaks corresponding to the mineral phase of the bone as well as peaks corresponding to the organic phase. In the mineral phase, peaks represent carbonate   FIG. 2 . High-resolution radiography shows an increase in mineralization during the implantation period. Samples were collected every month, for 5 months after implantation, and radiographed by Faxitron (25 kV=15 s). Radiographic images (A) to (E) correspond to scaffolds implanted from 1 to 5 months, respectively (A ¼ 1 month, B ¼ 2 months, C ¼ 3 months, D ¼ 4 months, and E ¼ 5 months). On the left side of each photomicrograph, inside wire ''boxes,'' are scaffolds cultured with CD chondrocytes, and on the right side, scaffolds cultured with CP chondrocytes (same mouse). Wires were used to help localize the scaffolds, especially in the absence of mineralization. Image (E) shows mouse vertebral bodies and ribs as well as a thin mineralized layer (arrow=CP sample) similar to cortical bone.
FIG. 3.
Accumulation of mineral in experimental scaffolds during the implantation period. Images obtained from microCT scans (3D) show gradual accumulation of mineral in the experimental scaffolds (CP chondrocytes) during the 5 months of implantation. Images (A) to (E) correspond to samples collected from month 1 to month 5, respectively, and image (F) is the cross section of (E) (month 5). An increase of dense material is observed over time. After 5 months of implantation, mineralization is observed across the chondrocyte=chitosan scaffold (F). At the threshold used to collect these data, no mineral was observed in the control implants (CD chondrocytes, not shown). Volume of mineral was calculated from microCT scans and graphed as mean AE SD (panel G). At least five sponges were used to calculate the volume of mineral for each time point. Asterisk (*): Significantly different from previous months ( p < 0.05).
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(CO 3 ) and phosphate (PO 4 ) groups. The experimental implants (CP) showed a very similar spectrum. In the control implants (CD), these peaks were not observed.
Histology
Histological sections stained with H&E (Fig. 6 ) reveal the tissue changes that occurred during the implantation period. Figure 6A -D shows details of the experimental samples during the first 4 months of implantation. A bone-like layer (arrows) formed at the surface of the scaffold as early as 1 month after implantation, while 3 and 4 months after implantation, we can observe the formation of bone marrowlike structures (Fig. 6C, D) . The vascular invasion of the cartilage matrix is also observed as earlier as 1 month (arrow head in Fig. 6E ). In the following months (Fig. 6F-H) , vascular invasion continues deep into the sponges, and bone is deposited around these channels. In Figure 6I (a complete section through the mouse body), we can observe the implants as well as the vertebral bone. In the control implant (left side), only cartilage tissue can be seen. In the experimental implant (right side), a cortical layer of bone has formed, strikingly very similar in thickness to the cortical bone in the vertebral bodies (compare Fig. 6K with 6L) . Further, bone is forming across the experimental implant, along with bone marrow cavities, while in the control (Fig.  6J , M, and P), mostly chondrocytes and fibrous tissue can be seen invading the scaffold. At high magnification and deep into the sponges (Fig. 6O, arrow heads) , we can observe both vascular invasion of chondrocytes and bone deposition, consistent with changes observed at the chondroosseous junction in growth plates.
Discussion
Our in vitro studies demonstrated that a 3D chitosan sponge can support chondrocyte proliferation and hypertrophy, characterized by expression of type X collagen and high AP activity (see accompanying article). 18 To test the hypothesis that such a transient cartilage template carries all the signals necessary to induce new bone formation, we implanted these cartilage=chitosan scaffolds into the subcutaneous region of nude mice and evaluated mineralization and new bone formation over a period of 5 months. As control, we used sponges seeded with CD sternal chondrocytes, shown to maintain a permanent cartilage phenotype after treatment with RA.
FIG. 4.
Backscattering SEM and chemical composition after 5 months of implantation. Photomicrographs were obtained from BSE in a scanning electron microscope, and they show cross sections of control implant (B) and the experimental implant (C). White areas represent the mineralized regions, and gray areas correspond to soft tissue. Qualitative analysis was determined using SEM=EDAX (A, D). In the middle of experimental implant, we observed an area rich in Ca and P, while in control implant only C and O can be detected. Note the presence of bone-like layer similar to cortical bone on the surface of experimental implant (C), and the larger thickness of the experimental implant suggesting growth. A plethora of studies have successfully induced new bone formation after implantation of different materials in areas adjacent to or in holes drilled into bone structures of animals. 3, 4, [19] [20] [21] Others have implanted materials subcutaneously or intramuscularly, and used stem cells, bone differentiation factors, or gene therapy to enhance new bone formation at these ectopic areas. 22, 23 In addition, it was shown that combining human bone marrow stromal cells, fibroblasts, and primary articular chondrocytes could result in ectopic bone formation. 12, [24] [25] [26] On the other hand, most of the studies using chondrocytes focus on articular cartilage reconstruction [27] [28] [29] [30] [31] or implanted the cartilage in bone-forming areas. 8, 32 However, in our investigation we choose to implant the cartilage= chitosan scaffolds into a non-bone-forming area (subcutaneous regions) to investigate the osteoinductive potential of hypertrophic chondrocytes without the use of any bone differentiation factor or gene therapy. Indeed, as soon as 1 month after implantation, mineral deposition was observed by microCT and Faxitron analyses. These scaffolds were not mineralized in vitro, for a variety of reasons discussed in the accompanying manuscript. 18 However, in vivo, and as expected, hypertrophic chondrocytes with high AP activity in a matrix rich in type X collagen rapidly triggered the mineralization phenomenon throughout the scaffold. [33] [34] [35] [36] The main peaks in the EDAX spectrum showed the presence of Ca and P in these scaffolds, major components of mineral both in bone and growth cartilage. 37, 38 The FTIR spectrum of the mineral formed in the CP constructs is identical to that obtained from the mouse vertebra, and the spectra described in the literature for bone. 39, 40 Interestingly, microCT, BSE, and histological analyses revealed the formation of a cortical layer of bone on the surface of the experimental scaffolds 20, 32 as early as 1 month after implantation. The presence of osteocyte-like cells in that layer was confirmed in the H&E-stained sections. Other studies have shown that the bone structure formed in response to signals generated by the hypertrophic chondrocytes resembles the metaphyseal cortical bone 41 formed during endochondral ossification. Indeed, in our experimental scaffolds, we observed phenotypical changes and tissue transformations that closely recapitulate the activity of the cells in the growth plate and at the chondroosseous junction during endochondral bone formation. Chondrocyte hypertrophy was induced in vitro (see accompanying article), 18 while mineralization of the cartilage matrix occurred after implantation, in vivo. The experimental scaffolds also induced abundant vascularization and extensive bone deposition, even in areas located deep into the scaffold. Further, the bone deposited in our experimental scaffolds shows striking similarities (in the thickness of the cortical plate, the size of the marrow cavities, and trabeculae forming deep into the scaffold) to the endochondral bone of the mouse vertebra.
Interestingly, over the period of 5 months, the experimental cartilage=chitosan scaffold and the bone forming in and around it increased in size as can clearly be observed when comparing control and experimental BSE images. This is not totally unexpected, since during endochondral ossification, there is interstitial growth resulting from proliferation, hypertrophy, and de novo bone deposition. All those processes are at play in our attempt to engineer endochondral bone. While the scaffolds in the current implantation sites were not subject to compressive forces (possibly stretching through the skin), evidence suggest that introducing mechanical stimuli in future approaches will allow us to direct the bone growth process. [42] [43] [44] Other interesting questions warrant a detailed investigation. Since the instructions for bone formation by our mammalian host originated from avian chondrocytes, we are curious about the nature of the bone tissue deposited in these scaffolds. Does the bone formed resemble mammalian or avian bone? In addition, and as some researchers proposed, 33 can chick chondrocytes transdifferentiate into ''bone like cells'' depositing the first layers of bone? Another question relates to the stability of the bone formed. Will endochondral ossification proceed beyond 5-6 months of implantation and will we observe further increase in the size of the original scaffold? Current and future studies in our laboratory will attempt to address these issues.
Conclusion
We have presented evidence that a transient cartilage scaffold (CP chondrocytes) created in vitro carries all the signals necessary to induce ectopic new bone formation in vivo, while a permanent cartilage scaffold failed to do so (CD chondrocytes). We extended our study beyond the 2 months of observation that characterize most bone tissue engineering approaches, 20, 23, 32, 45 to study the stability of the bone formed and its potential to grow. We are very excited to report that endochondral ossification (subcutaneously) proceeded in a manner strikingly similar to the endochondral ossification occurring in the vertebra of the host, the mice. The nature of the bone formed in response to the chick cartilage signals, the amount, and the increase in bone tissue over the first year of implantation are currently under investigation in our laboratory. We believe that this represents an optimized approach to bone grafting of large defects and in growing patients. The source of chondrocytes for such a clinical application would be autologous cartilage from the host (nasal, ear, or costochondral) or chondrocytes obtained from different stem cell sources that could be induced to hypertrophy in vitro before implantation. A very promising approach is the use of autologous chondrocytes obtained from a bioreactor created in the space under the periosteum of the host. 46 Given that chitosan in different formulations and for multiple applications (health and food industry) is currently FDA approved, 47 we do not anticipate major obstacles to its use in humans for the novel bone regeneration approach we propose in these studies.
